maintenance of cellular protein homeostasis (proteostasis) depends on a complex network of molecular chaperones, proteases and other regulatory factors. Proteostasis deficiency develops during normal aging and predisposes individuals for many diseases, including neurodegenerative disorders. here we describe sensor proteins for the comparative measurement of proteostasis capacity in different cell types and model organisms. these sensors are increasingly structurally destabilized versions of firefly luciferase. imbalances in proteostasis manifest as changes in sensor solubility and luminescence activity. We used eGFP-tagged constructs to monitor the aggregation state of the sensors and the ability of cells to solubilize or degrade the aggregated proteins. A set of three sensor proteins serves as a convenient toolkit to assess the proteostasis status in a wide range of experimental systems, including cell and organism models of stress, neurodegenerative disease and aging.
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Proteins are involved in virtually every biological process. The failure of proteins to fold or to maintain their folded states may result in the loss of essential functions and the formation of toxic aggregates 1, 2 . Thus, quality control and the maintenance of protein homeostasis (proteostasis) are critical for cell and organism health. In multicellular organisms, proteostasis is achieved and controlled by a complex network of several hundred dedicated proteins, including molecular chaperones and their regulators 2, 3 as well as the ubiquitin-proteasome and autophagy systems 1, 4 . Deficiencies in proteostasis are associated with many diseases, such as metabolic disorders, neurodegeneration, cancer and cardiovascular disease. A major risk factor of these diseases is age. Indeed, recent studies in model organisms indicate that the aging process is linked to a decline in cellular proteostasis capacity 5 . As a result, the proteostasis network is emerging as an attractive target for pharmacological intervention in agerelated disorders 1, 6, 7 .
Understanding the function and regulation of the proteostasis network requires molecular tools to measure its activity status, socalled proteostasis sensors. Pioneering studies in Caenorhabditis elegans had used temperature-sensitive mutant proteins as proteostasis sensors. These mutations manifest in a phenotype at the permissive temperature upon expression of aggregating Huntington's disease protein or during normal aging 5, 8 . However, these proteins have some limitations as proteostasis sensors. Their compromised folding may lead to loss-of-function effects and reduced viability. Moreover, tissue-specific mutant phenotypes may complicate the comparative analysis of different cell types and organs. To circumvent these limitations, we developed proteostasis sensor proteins with varying conformational stability derived from luciferase. This protein has no known biological role in widely used cellular and animal models, and thus the sensors can be used with minimal perturbation of the system under investigation.
To generate sensitive reporters of proteostasis capacity, we selected the American firefly (Photinus pyralis) luciferase (Fluc), a ~60 kDa multidomain protein known to be chaperone-dependent for folding and refolding [9] [10] [11] [12] . The monomeric functional unit of this protein does not require post-translational modification 13 . Fluc activity can be measured by a luminescence-based assay with exquisite sensitivity and a wide dynamic range in cell extracts, intact cells and model organisms 14 . Indeed, Fluc has been used previously to compare intraorganellar chaperone capacities 15, 16 . Here we describe increasingly conformationally destabilized variants of Fluc (with fused enhanced GFP (EGFP)), which require chaperone surveillance to maintain their soluble, enzymatically active state. These proteins serve as sensors of proteostasis capacity in different cell lines and in C. elegans under stress conditions, during aging or upon treatment with proteostasismodifying compounds.
it remains mainly in the cytosol when expressed in mammalian cells, as the capacity for uptake into peroxisomes is limited (Sherf, B.A. & Wood, K.V. Firefly luciferase engineered for improved genetic reporting. Promega Notes 49, 14; 1994). We nevertheless replaced the C-terminal peroxisome-targeting signal, Ser-Lys-Leu, by Ile-Ala-Val to avoid import into peroxisomes.
To design increasingly destabilized mutants of Fluc with unchanged enzymatic activity in the folded state, we mutated the N-terminal domain to weaken polar contacts between amino acids that are located far apart in the luciferase sequence; such interactions often contribute substantially to the thermodynamic stability of the native fold 17 . We excluded mutations close to the substrate-binding pocket as well as mutations at the domain-domain interface to maintain the high quantum yield of the luminescence reaction. We chose Lys135, Arg188 and Arg261for mutagenesis, which are within hydrogen bond distance to Asp107 and Tyr109, Glu18 and Gly20, and Thr43 and Asn50, respectively. Using this strategy, we generated 6 single mutants and 12 double mutants of Fluc (Fig. 1a) .
To test the conformational and functional stability of the Fluc mutants, we translated the proteins in vitro in rabbit reticulocyte lysate at 30 °C. After terminating translation, we incubated the reaction mixtures at different temperatures and measured luciferase activities. Wild-type Fluc retained ~40% of the original enzymatic activity after 2 h at 37 °C and was stable up to 35 °C (Fig. 1b) . The single mutants were generally less stable, losing >90% of activity in 60 min at 37 °C and 50-80% at 35 °C but maintained stable activity up to 33 °C ( Fig. 1c and Supplementary  Fig. 1a ). The Fluc(R188Q) single mutant examined in this work in detail, here referred to as FlucSM, had substantial instability already at 30 °C and 33 °C (Fig. 1c) . As expected, the Fluc double mutants were destabilized relative to the single mutants from which they were derived, losing 80% of the original activity within 5 min of incubation at 37 °C and 20 min at 35 °C ( Fig. 1d and Supplementary Fig. 1b) . At 33 °C, the double mutants containing R188Q lost 80% of the original activity within 30-40 min ( Fig. 1d and Supplementary Fig. 1b) . The double mutant we examined in detail was Fluc(R188Q,R261Q), referred to here as FlucDM.
Immediately after in vitro translation, the specific activities (activities relative to protein amount) of FlucSM and FlucDM were 70-80% of the specific activity of Fluc (Fig. 1e) , indicating that the initial folding of the mutant proteins was highly efficient. In contrast to Fluc, however, the specific activities of FlucSM and FlucDM decreased by ~15% and ~70%, respectively, upon incubation for 2 h at 30 °C, although the proteins remained stable and soluble ( Fig. 1e and data not shown). We observed very similar behavior for the corresponding Fluc-EGFP variants (Supplementary Fig. 2 ). To confirm that time-dependent loss of enzymatic activity of Fluc mutants was due to increased structural flexibility, we measured the sensitivity of the newly translated proteins to proteinase K. Compared to control reactions without protease, luciferase activity decreased with a half-time (t 1/2 ) of ~20 min for FlucSM and ~7 min for FlucDM, whereas Fluc remained stable upon treatment with protease ( Supplementary  Fig. 3a) . Digestion profiles of the full-length proteins, as detected by immunoblotting, corresponded to a loss of enzymatic activity (Supplementary Fig. 3 ).
Fluc mutants were thermolabile in vivo
To assess the conformational stability of Fluc variants in vivo, we first analyzed their behavior in HeLa cells. We transiently expressed Fluc, FlucSM and FlucDM or the corresponding EGFP fusion constructs at low levels (~2.5 µg luciferase protein per milligram total cell protein; Supplementary Fig. 4 ). Compared to Fluc, the specific activity of FlucSM and FlucDM (at 37 °C) was lower by ~40% and 60%, respectively (Fig. 2a) , suggesting that a large fraction of the mutant protein was misfolded. As expected, RNAi-mediated downregulation (by 50-70%) of Hsc70, a major constitutive chaperone required for Fluc folding 9 , compromised the folding efficiency of Fluc and Fluc mutants (Fig. 2a) .
Next, we analyzed the thermal stability of the sensor proteins under heat stress. In these and all following experiments we used EGFP-tagged Fluc variants. When expressed at 37 °C, all three variants displayed a diffuse cytosolic distribution and some nuclear staining. We observed a small number of green fluorescent 'aggregates' in FlucDM-EGFP-expressing cells (Fig. 2b) . Heat shock at 43 °C for 2 h did not alter the cellular distribution of Fluc-EGFP, but ~45% of the FlucSM-EGFP-expressing cells and ~75% of the FlucDM-EGFP-expressing cells accumulated aggregates. The proteins were increasingly insoluble under these conditions, as shown for FlucDM-EGFP (Fig. 2c) . Upon recovery from heat shock for 2 h at 37 °C, only 15-20% of FlucSM-EGFPexpressing cells and about 30% of FlucDM-EGFP-expressing cells retained visible aggregates (Fig. 2b) , suggesting that dissociation or degradation of aggregates had occurred. To exclude the contribution of newly synthesized protein to this process, we added cycloheximide to the cells immediately after heat shock to inhibit translation. Upon recovery of cells from heat shock, we again observed increased diffuse staining of the mutant proteins (Fig. 2b) . Cell fractionation revealed a greater amount of soluble FlucDM-EGFP (Fig. 2c) , suggesting dissociation of aggregates. Although we detected essentially no Fluc activity in cell lysates immediately after heat shock, owing to denaturation 18 , 50-70% of all Fluc variants renatured during recovery in the presence of cycloheximide (Fig. 2d) . During recovery in the absence of cycloheximide, the specific activities of all Fluc variants exceeded those in control cells before heat shock (Fig. 2d) . This effect may be attributed to upregulation of chaperones resulting in increased folding efficiency of newly synthesized protein. Thus, the Flucbased sensors functioned as reporters of heat stress and allowed assessment of cell capacity to refold heat-denatured protein.
effect of Fluc mutants on proteostasis
Ideally, sensor proteins should not affect the proteostasis capacity of the cellular system under study. To address this possibility, we expressed the EGFP-tagged sensors in HeLa cells that we also transfected with a reporter for cytosolic stress protein transcription, the structurally unrelated Renilla reniformis luciferase (Rluc) under regulation of the stress-sensitive HSPA1A promoter. Cotransfection efficiency was ~70% (Supplementary Fig. 5 and data not shown). Heat-stress treatment of control cells (2 h at 43 °C) resulted in an about tenfold induction of Rluc activity and a corresponding increase in Rluc protein upon immunoblotting, as measured after 2 h of recovery at 37 °C (Fig. 3) . In contrast, expression of the Fluc variants at 37 °C without heat stress caused only a 1.5-2-fold induction of Rluc activity. This effect was most notable with Fluc-EGFP, which was more highly expressed than FlucSM-EGFP and FlucDM-EGFP (Fig. 3b) . Thus, low-level expression of the mutant proteins alone caused only a very mild activation of the cytosolic stress response. We observed an about tenfold increase in Rluc activity when we combined expression of Fluc-EGFP variants with heat treatment, indicating that the cells expressing the sensors respond normally to heat stress (Fig. 3a) . We obtained similar results with non-EGFP-tagged sensor proteins (Supplementary Fig. 6 ).
We next performed experiments in Drosophila melanogaster S2 cell lines to determine whether the sensor proteins induce a stress response when expressed at higher levels. S2 cells grow at 25 °C and can express recombinant proteins. We prepared copper-inducible, stable S2 lines expressing the different Fluc variants. Under non-induced conditions, we observed low basal expression of Fluc and Fluc mutants, which did not result in Hsp70 upregulation. However, medium-level overproduction of the mutant proteins (to > tenfold basal level) caused a substantial induction of Hsp70, whereas to achieve similar Hsp70 induction by Fluc required massive overexpression at high copper concentration (Supplementary Fig. 7 ). In conclusion, upon high-level expression, Fluc mutants induced a cytosolic stress response, but at low levels, they perturbed proteostasis only to a limited extent.
impairment of proteostasis by small-molecule inhibitors
Small-molecule compounds can be used to modulate cellular proteostasis capacity. To test whether the Fluc-based sensors can report such changes, we expressed the proteins in HeLa cells for 36 h and then treated the cells with 0.5 µM of the Hsp90 inhibitor 17-allylamino-17-demethoxygeldanamycin (17-AAG) 19 for 8 h. Hsp90 is a major cytosolic chaperone 20 and is required for the reactivation of Fluc upon recovery from heat stress 18 . Treatment of HeLa cells with 17-AAG reduced the specific activity of Fluc-EGFP, FlucSM-EGFP and FlucDM-EGFP at 37 °C by ~40%, ~60% and more than ~80%, respectively (Fig. 4a) . We detected small green-fluorescent aggregates in ~8% of cells expressing FlucSM-EGFP, whereas ~50% of cells expressing FlucDM-EGFP accumulated multiple larger aggregates. In contrast, Fluc-EGFPexpressing cells had diffuse cytosolic distribution of fluorescence upon 17-AAG treatment (Fig. 4a) . Thus, inhibition of Hsp90 compromised the proteostasis system, resulting in partial aggregation of the mutant Fluc-EGFP sensors. Proteome stress is also induced by inhibiting proteasomal degradation. Treatment with the proteasome inhibitor MG132 (5 µM for 8 h) 6 had little effect on the specific activity of Fluc-EGFP but reduced the specific activity of FlucSM-EGFP and FlucDM-EGFP by ~20% and 50%, respectively (Fig. 4a) . After treatment with MG132, we observed small, aggregate-like structures of Fluc-EGFP in ~25% of Fluc-EGFP-expressing cells, whereas ~70% of FlucSM-EGFP-expressing cells and ~90% of FlucDM-EGFP-expressing cells contained aggregates (Fig. 4a) . This effect was apparently not caused by inhibition of degradation but rather by a general proteostasis imbalance, as the total cellular amount of sensor proteins detected by immunoblotting increased only slightly (Supplementary Fig. 8) . Thus, Fluc mutants reported with high sensitivity on the impairment of proteostasis capacity resulting from Hsp90 or proteasome inhibition. 
Proteostasis collapse by huntington's disease protein
Expansion of a polyglutamine sequence in huntingtin protein is the cause of Huntington's disease, a neurodegenerative disorder associated with the formation of aggregates 21 . Overexpression of various chaperones can suppress polyglutamine toxicity and modulate aggregate formation 22 . Moreover, expression of polyglutamine-containing proteins in the nematode C. elegans results in the phenotypic expression of temperature-sensitive mutant alleles at the permissive temperature 8 . Thus, polyglutamine pathology is linked with proteostasis collapse.
To test whether Fluc-based sensors can be used to measure these changes in proteostasis, we transfected HEK293T cells with plasmids encoding the Fluc-EGFP variants and with mCherrytagged huntingtin (Htt) exon 1 constructs encoding proteins with normal (20-glutamine; 20Q) or expanded (97-glutamine; 97Q) polyglutamine sequences. We observed large polyglutaminecontaining aggregates 48 h after transfection in almost all cells expressing Htt-97Q, whereas Htt-20Q remained diffusely distributed (Fig. 4b) . When we expressed Fluc-EGFP together with Htt-97Q, we observed small aggregate foci of Fluc-EGFP in only ~20% of the cells. But we detected multiple, more distinct foci in 50% of FlucSM-EGFP-expressing cells and observed massive aggregation of FlucDM-EGFP in 85% of the cells that also expressed Htt-97Q (Fig. 4b) . In contrast, we did not detect aggregates in cells that expressed Fluc-EGFP variants and Htt-20Q (Fig. 4b) . Aggregates of Fluc mutants and Htt-97Q were often located at different sites in the cell (Fig. 4b) . Thus, the sensors confirmed findings in C. elegans that expression of polyglutamine expansion proteins results in a severe decline of cellular proteostasis 8 .
Assessing proteostasis in C. elegans
We used C. elegans to test the Fluc mutants as proteostasis sensors in an organism. We expressed Fluc-EGFP variants in body-wall muscle cells using the unc-54 promoter. Under normal growth conditions at 20 °C, the three sensor proteins had similar diffusely distributed expression in young adult worm (day 1). Upon heat stress (33 °C for 1 h), FlucDM-EGFP formed aggregates of various sizes that were dispersed throughout the cells, whereas Fluc-EGFP and FlucSM-EGFP remained diffusely distributed (Fig. 5a) . Upon recovery from heat stress for at least 24 h, the number of aggregates was reduced and diffusely distributed EGFP fluorescence predominated, suggesting that the C. elegans muscle cells either resolubilized or disposed of the aggregates (Fig. 5a) .
When we expressed the sensor proteins in neuronal cells using the F25B3.3 promoter, we obtained similar results: upon heat-shock, FlucDM-EGFP formed aggregates whereas Fluc-EGFP and FlucSM-EGFP maintained diffuse distributions (Fig. 5b) . During recovery, the aggregates of FlucDM-EGFP disappeared faster in neurons (within 6 h) than in muscle cells (24 h) (Fig. 5b) , suggesting that in young worms neurons respond more efficiently to proteostasis imbalance than muscle cells. Reverse transcriptase-PCR (RT-PCR) experiments to quantify the expression of FlucDM-EGFP relative to unc-54 (muscle-specific) and unc-119 (neuron-specific) control proteins ruled out possible differences in sensor mRNA expression (Fig. 5) .
dysregulation of proteostasis during aging
Experiments in C. elegans have demonstrated a decline of proteostasis capacity during aging 5 . To test the utility of the Fluc-based sensors in monitoring this phenomenon, we analyzed distribution patterns of the proteins in muscle and neuronal cells of transgenic C. elegans throughout their adult lifespan. Muscle cells maintained diffuse distribution of Fluc-EGFP and FlucSM-EGFP until day 17, but small aggregates of FlucDM-EGFP became detectable by microscopy at day 12 and increased in number and size until day 17, with ~15% of the worms containing distinct aggregates (Fig. 6) . In neurons, aggregates of FlucDM-EGFP tended to occur more frequently already at days 12 and 15 (Fig. 6b,c) . Thus, although in young-adult worms, neuronal cells respond more efficiently to acute stress than muscle (Fig. 5b) , they appeared to be less capable of maintaining proteostasis during chronic proteome stress during aging. discussion Deficiency in cellular proteostasis capacity has been suggested as a cause or a consequence of many diseases in which key proteins misfold and aggregate, giving rise to loss-of-function and toxic gain-of-function effects 1 . Many of these diseases affect preferentially the elderly, which is consistent with a gradual loss of proteostasis during aging 23 .
The Fluc-based sensors we developed can be used at 20-37 °C, with the more destabilized FlucDM reporting on proteostasis at 20 °C, the normal growth temperature of C. elegans. The folding state of these proteins can be readily estimated via their specific enzymatic activity. A key advantage is that the sensors have no biological function in the experimental systems of interest, and thus their misfolding in conditions of proteostasis deficiency is not associated with loss-of-function effects. Low expression levels are sufficient to follow the luminescence-based sensor activity and EGFP fluorescence, thus minimizing effects on proteostasis by the sensors themselves. The Fluc-based sensors formed cytosolic foci during heat stress that disappeared partially during recovery. Analysis of this process in C. elegans revealed notable differences between muscle and neuronal cells in the capacity to remove aggregates of stress-denatured proteins and to maintain the proteins soluble during normal aging, consistent with recent observations 24 . Moreover, the sensor proteins aggregated when proteostasis was compromised in human cells as a result of the expression of polyglutamine-expanded huntingtin. The luciferase proteins were often deposited in aggregate structures distinct from those of the polyglutamine protein, and thus should prove useful as tools in the cell biological and biochemical analysis of aggregation pathways for different types of proteins 25 . Stable cell lines or transgenic C. elegans lines expressing the reporters may be used to explore various aspects of the proteostasis machinery by high-throughput screening. As demonstrated with the Hsp90 inhibitor 17-AAG and the proteasome inhibitor MG132, the effect of small-molecule compounds on the status of the proteostasis network can easily be measured using the Fluc-based sensors. Thus, chemical screens for proteostasis-regulating compounds that improve the activity of the sensor proteins may be designed.
The sensors we describe report mainly on cytosolic proteome stress. However, by attaching appropriate signals for subcellular targeting, it is possible to generate sensors selectively measuring proteostasis capacity in different membrane compartments, such as the endomembrane system, nucleus and mitochondria. Reporter cell lines simultaneously expressing two or more of these sensors, carrying different fluorescent tags, may be used to directly compare the fate of differentially destabilized proteins. The extent to which the Fluc-based sensors can monitor the full range of proteostasisrelated functions in mammalian cells remains to be explored. A careful comparison of their behavior with that of endogenous proteins of different structural classes will be useful for validation.
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